ABSTRACT: A growth model for the low pressure chemical vapor deposition (LPCVD) of polycrystalline ZnO thin films is proposed. This model is based on experimental observations of the surface morphology and crystallographic orientations of the layers at different thicknesses and growth temperatures. It is shown that the films preferred orientation evolves from c-axis to aaxis as the growth temperature is increased from 110 to 220°C and then goes back to c-axis at 380°C. At the same time, when the film thickness increases, the surface morphology evolves from small rounded grains to large pyramids at a growth temperature of 150°C. The selection of various preferential orientations under different deposition conditions is attributed to growth competition between clusters initially formed with different crystallographic orientations.
Introduction
Because of its wide bandgap and high exciton binding energy, zinc oxide (ZnO) has attracted much attention in the past years, notably for opto-electronic applications such as UV diodes and lasing devices operating at room temperature. 1 Yet another important prospect for ZnO is its use as a transparent conductive oxide (TCO) for thin film (TF) solar cells applications. 2 Regarding the ZnO growth, it can be synthesized by various techniques such as metal organic chemical vapor deposition (MOCVD), 3 sputtering, 4 molecular beam epitaxy (MBE) 5 or even sol-gel methods. 6 For photovoltaic applications, one of the preferred deposition techniques is the low pressure chemical vapor deposition (LPCVD). When used as front TCO electrodes, such LPCVD grown layers lead to high currents and efficiencies for amorphous, 7 microcrystalline solar cells and a high matched current can be obtained in tandem micromorph cells. 8, 9 Indeed, ZnO layers grown with this technique, under given growth conditions, are polycrystalline films constituted of large grains with a pronounced preferential orientation (PO) along the aaxis. 10 This leads to natural staircase-faced pyramids at the top of the film, which gives to LPCVD grown ZnO good light scattering ability, a prerequisite for TF solar cell applications. Indeed, because of the relatively small values of the amorphous and microcrystalline silicon (Si) absorption coefficients, the optical path of the light inside the active layers of TF Si photovoltaic cells has to be increased to enhance the photogenerated current. 11 This can be achieved by introducing rough interfaces that induce a light trapping effect within the device. Another important parameter that qualifies an efficient TCO is a low resistivity, which has also been proven to be related to the size of the ZnO grains. 12 Therefore, the understanding and control of ZnO growth is of major interest to develop efficient layers to be used in photovoltaic cells.
The different phenomena that might govern polycrystalline growth of ZnO have already been investigated in ref 13 , which is mainly based on results from sputtering experiments.
However, little light has been shed up to now on the specific growing mechanisms of the LPCVD ZnO used in photovoltaic applications. In this letter, such a growth mechanism will be proposed on the basis of observations of ZnO growth of thin (40 nm) and thick (above 1.65 μm) layers at low (110°C), intermediate (150°C), and high (220 and 380°C) growth temperatures (T growth ).
Experimental Details
ZnO films were deposited by LPCVD process on 4 Â 4 cm 2 0.5 mm thick AF45 Schott glass substrates. Before deposition, the substrates were chemically cleaned with acid and base in ultrasonic baths. Diethylzinc (DEZ) and water (H 2 O) vapors were used as precursors, and their flows were set to 16.2 and 32 sccm, respectively. Diborane (B 2 H6) was used as doping gas, diluted at 1% in argon. The total pressure was kept at 0.5 mbar (∼0.37 Torr) inside the reactor and the growth temperature was varied from 110 to 380°C. The different samples were characterized with AFM and scanning electron microscopy to study the surface morphology, whereas XRD was used to determine the crystallographic orientations present at the different growth stages of the films.
Results and Discussion
It is well-known that several mechanisms, such as preferential nucleation and growth rate anisotropy of different crystal planes, can explain the apparition of texture in polycrystalline films. It has also been shown that the origin of textured surface is to be found either in the initial (nucleation) stage or in the growth stage. 13 In this work, the evolution of the crystallographic orientation with deposited thickness of films grown at 110°C is first investigated. In Figure 1a , the log 10 of the X-ray diffraction (XRD) intensity of LPCVD ZnO films with various thicknesses is plotted and each spectrum has been normalized to the maximum of the (0002) peak. Note that we have used the logarithm of the intensities in order to be able to identify even smaller features. It can be seen that for both thin and thick (1.7 and 3.5 μm) layers, the PO growth is along c-axis. In addition to the (0002) peak, several lower intensity features, such as (1011) and (1010), can also be observed in the thicker layer spectra. These peaks are ascribed to non c-axis oriented grains, which are already present in the initial stage, although in small quantity as shown by the thin film XRD spectrum. The surface morphologies of the 110°C grown films are shown in atomic force microscopy (AFM) pictures b and c in Figure 1 for 40 nm and 1.65 μm thick layers, respectively. Note that the surface morphology of the 3.5 μm thick layer is assumed to be similar to the one of the 1.65 μm thick film, but with larger grain size. Figure 1b is a 0.5 Â 0.5 μm 2 scan with a rms value of 1.8 nm. It exhibits a surface made of small rounded grains. Figure 1c is a 2 Â 2 μm 2 scan with a rms value of 10.2 nm, and it shows that the surface is constituted of larger grains but still with a rounded morphology. This rounded cap morphology observed for low T growth (i.e., 110°C), is typical of polycrystalline films deposited under condition of low adatom surface diffusion. 14 XRD spectra of films with different thicknesses grown at 150°C are shown in Figure 2a . As in the previous case, it can be seen that for the thin layer the PO is still along the c-axis and that other several weaker features are also present. Note that these smaller features are more marked than for the films deposited at 110°C. However, when the film thickness is increased, the PO shifts from having (0002) planes parallel to the substrate, as it was the case at 110°C, to (1120) planes being parallel to the surface as shown by the dominant intensity of the (1120) XRD peak for the 1.65 μm thick layer. When the thickness is further increased to 3.5 μm, the (1120) peak intensity becomes even more dominant, indicating that for thick layers grown at 150°C the PO is well along a-axis and that it develops through the growth of the layer. AFM pictures taken on thin (40 nm) and thick (1.65 μm) layers are shown in images b and c in Figure 2 , respectively. Figure 2b is a 0.5 Â 0.5 μm 2 scan with a rms of 3.1 nm. It shows a surface made of more elongated and bigger grains than in the case of thin film deposited at low T growth (Figure 1b) . In Figure 2c , a 2 Â 2 μm 2 scan characterized by a 52 nm rms shows a surface made of typical pyramids with stepped faces useful in TF photovoltaic solar cells for light scattering. 2 Eventually, XRD spectra on thin and thick layers deposited at 220°C are shown in Figure 3a . For the thin film, (1010) and (0002) are the dominant peaks, whereas (1011) and (1120) features appear with smaller intensities. When the thickness is increased at 1.65 μm, (1120) is the dominant XRD peak before (1010) and (1011), while the intensity of the (0002) peak becomes weaker. However, and contrary to the 150°C case, when the thickness is increased to 4.3 μm, the highest peak becomes (1011). Although this is not evident on the plot of the logarithmic intensities, the inset of the figure presenting the linear intensity of the thickest layer, clearly shows that for the thicker film, the (1011) is indeed the PO. This indicates that, at 220°C, a thicker film has to be deposited for the PO selection to occur. The surface morphologies of these layers can be seen in the AFM pictures presented in images b and c in Figure 3 for thin and thick layers, respectively. Figure 3b , a 0.5 Â 0.5 μm 2 scan of the thin layer, shows that the surface is made of elongated grains with bigger size than in the 110 and 150°C cases; its rms is 4 nm. Figure 3c is a 2 Â 2 μm 2 scan of the 1.65 μm thick layer, and shows a shelf-structured surface with an rms of 54.4 nm.
Therefore, we have seen that in every case the PO in the initial layer is along the c-axis which is consistent with the lowest surface free energy of the (0002) plane in wurtzite ZnO. 15 Indeed, the classical theory of homogeneous nucleation shows that nuclei have to overcome an energy barrier, ΔG c , in order to survive. This barrier is given for a spherical nucleus by ΔG c ¼ is the surface energy of the substrate, γ sf is the interfacial energy between the substrate and the film, and γ fv is the surface energy of the nucleus. From these equations, it is seen that cos θ = 1 gives the lowest nucleation barrier. 16 As a consequence, grains with the lowest surface free energy,γ fv , should be favored in the nucleation process. However, our growth conditions are far from thermodynamic equilibrium, notably for the low T growth values, which leads to the apparition of nonminimum surface free energy (NMSE) grain in the initial layer as seen in the various XRD spectra of thin and thick films. Furthermore, the apparition of different POs at 150 and 220°C when the film thickness is increased also points toward nonthermodynamically driven growth and rather indicates the predominance of kinetic growth phenomena. Indeed, the fact that a certain growth orientation emerges from the initial layer, in which it is not the dominant one, is typical of the evolutionary selection theory based on kinetic growth aspects. 17, 18 Evolutionary selection relies on the growth rate anisotropy of the different crystallographic planes of a material. It states that the grains having the fastest growing direction perpendicular to the surface will survive through the growth and becomes PO, e.g., in our case, this would correspond to the (1120) planes at 150°C or the (1011) planes at 220°C. On the basis of this theory, it is proposed that the PO and morphology evolutions with the thickness observed on films grown at different T growth values are attributed to temperature-activated growth rate anisotropy of the different ZnO crystallographic plane orientations. As a consequence and depending on T growth , some initial clusters with given planes parallel to the substrate surface would grow faster and at the expense of other grains characterized by a slower vertical growth rate at this temperature. In fact, such a variation in the PO at different temperatures has already been reported in the literature for MOCVD and sputtered grown ZnO. [19] [20] [21] To have a better understanding of the different phenomena that could lead to such growth rate anisotropy in our case, we present a schematic drawing of the situation for different T growth values in Figure 4 . In this figure, two initial clusters are considered with different crystallographic orientations parallel to the substrate surface, nonminimum surface free energy (NMSE) and minimum surface free energy (MSE) planes. For the sake of simplicity, we consider the case of rectangularshaped clusters in which the NMSE and MSE orientations are orthogonal, as is the case in wurtzite ZnO for the [0002] and [1120] directions.
At low T growth (110°C), the adatoms surface mobility is low. As a consequence, adatoms arriving on the substrate surface are characterized by a low diffusion length and they have the tendency to create new clusters with the PO (0002) because of surface free energy minimization, as indicated by the XRD spectra of thin layers where the (0002) peak is dominant. Regarding adatoms arriving on the grain with NMSE planes parallel to the substrate, they will also have the tendency to stick at their arrival place because of their low mobility and the higher dangling bond (DB) density associated with NMSE planes. 22, 23 Indeed, the surface free energy can be seen as the excess energy of surface atoms due to the presence of broken bonds at this surface. Therefore, it is intuitive that facets with higher surface free energy have a higher DB density. 24 This phenomenon contributes to the vertical growth of the grains with NMSE planes parallel to the substrate. On the contrary, adatoms arriving on MSE facets have a higher surface diffusivity due to the lowest DB density of the arrival planes. Therefore, some of these adatoms have the possibility to move to the edge of the clusters where the DB density is higher (as the lateral face is a NMSE plane), which contributes to their lateral expansion. However, this lateral expansion should be limited because of the low T growth . In addition, as it has been observed that at T growth = 110°C the PO is (0002) for thin and thick layers, it is proposed that the larger amount of clusters forming with the MSE, (0002), planes and their higher lateral growth rate dominates the few clusters with NMSE planes parallel to the substrate, which grow vertically at an insufficient rate to shadow the growth of the MSE clusters. In fact, it is supposed that the vertical growth rate of both MSE and NMSE clusters are similar at low T growth . At intermediate T growth (150-220°C), the adatoms have a higher surface mobility due to the higher temperature. Hence, instead of creating new MSE clusters, adatoms arriving close to the edge of the NMSE grains have the possibility to diffuse from their lateral MSE facets, characterized by a low DB density, and to jump on the NMSE planes of these grains where the DB density is higher. As a consequence of this interfacet diffusion, the NMSE clusters have a higher adatom concentration on their NMSE facets, resulting in a higher vertical growth rate compared to the low T growth case but also compared to their own lateral growth rate. 22, 23 It is also interesting to note that by piling up atoms vertically, the exposed surface of NMSE planes is not increased while the size of their lateral MSE facets is increased, which also contributes to a minimization of the grain surface free energy. 25 Regarding initial cluster with MSE planes parallel to the substrate, the higher adatom surface diffusivity due to both the higher T growth and to the lower DB density of these planes, leads to a decreased adatom density on their horizontal surfaces, which decreases their vertical growth rate. In this case, the increased vertical growth rate of the NMSE clusters dominates the vertical and lateral expansion of the grains with MSE planes parallel to the substrate. Therefore, as predicted by the evolutionary selection, clusters that have the NMSE planes parallel to the substrate in the initial stage will survive through the growth. This explains why the (1120) peak of the XRD spectrum of the films grown at 150°C (the peak that corresponds to NMSE planes parallel to the surface) has first a smaller intensity relatively to the other peaks of the thin layer, and then becomes the dominant crystallographic orientation in the thick layers. Such a grain growth competition also leads to the peculiar TEM structures observed in ref 10 , where some grains emerge at the surface while being enclosed by others. 26 The predominance of NMSE clusters that have a higher vertical growth rate than their own lateral growth rate also explains the stepped pyramidal shape of the surface features characteristic of the thick layers grown in this temperature range. Regarding the layers deposited at 220°C, the emergence of the (1011) peak in the XRD spectrum of a thick layer is ascribed to the increase in the adatom surface mobility because of the higher T growth , leading to the selection of NMSE with another PO as the thickness is increased. It also seems that the growth competition between differently oriented NMSE clusters leads to the fact that one needs to deposit a thicker layer to see a definitive PO emerging at this temperature. The increased adatom mobility can also explain why in thin layer deposited at 150 and 220°C, XRD spectra show several peaks with intensities comparable to the one of the (0002) feature. Indeed, as explained before, because of their higher diffusive ability, adatoms can jump on the surface of NMSE clusters instead of forming new grains directly on the substrate with (0002) planes parallel to the surface; this in turn reduces the relative intensity of the c-axis peak and increases the one of the NMSE clusters.
To summarize, it is proposed that depending on the surface mobility of the arriving adatoms (which is increased as the growth temperature is increased), interfacets diffusion can occur, which leads to the fact that grains with NMSE planes parallel to the surface have a dominant vertical growth rate allowing them to emerge through the growth. To further test this hypothesis, we have deposited thin (50 nm) and thick layers (1.7 and 3 μm) at 220°C with reduced flows of DEZ and H 2 O, which were respectively set to 10 and 20 sccm in order to keep a H 2 O/DEZ ratio similar to the one used for the deposition of the previous films. By decreasing the reactant flows, it is assumed that the adatom mobility is increased as the surface atoms have more possibility to move before being frozen by new incoming atoms. In accordance with an adatom mobility-driven PO selection process, the increased adatom surface mobility led to the apparition of a new NMSE PO, (1122), in the deposited film, as shown in the XRD spectra of Figure 5 .
Again, in this figure it can be seen that several orientations are dominant in the initial stage, whereas the (1122) orientation becomes PO only as the thickness is increased. In addition, the apparition of this new PO by simply changing the flow rates also discards the possibility that we are dealing with a chemically driven PO growth in which ionic radicals that would be present at different T growth in the vapor phase would inhibit certain growth directions, as was proposed in ref 27 . Note that it is assumed that as the deposition is carried out at low pressure, variations in gas flows do not influence the vapor phase reactions. Eventually, it is predicted that if the adatom surface mobility is further increased, the PO should go back to having the MSE planes parallel to the substrate. 22, 25 Indeed, as schematized in the last drawing of Figure 4 , if the substrate temperature is increased to the point where the adatoms have sufficient mobility to overcome the high DB density of the horizontal face of the NMSE clusters, they will have a tendency to diffuse to the edge of MSE grains (intergrain diffusion), where they could attach in order to decrease the surface free energy of the whole system. In this case, the intergrain diffusion becomes dominant compared to the intragrain (or interfacet) diffusion present at lower T growth . As a consequence, the adatom concentration on the surface of NMSE clusters will decrease, leading to a lower vertical growth rate, thus the c-axis orientation of enlarged MSE grains should become again the PO of the film. This is experimentally confirmed, as shown in Figure 6 , which exhibits the XRD spectra of thin (40 nm) and thick (1.7 μm) layers grown at 380°C.
As expected, the (0002) orientation is again the PO in both thin and thick layers. This indicates well that the c-axis oriented grains are dominant from the nucleation stage and throughout the growth. Eventually it has to be pointed out that by further increasing the adatom diffusivity, e.g by decreasing the precursor flows at high T growth , the only orientation present in the film through the entire growth should be (0002) as Ostwald ripening in the nucleation stage should remove every NMSE clusters from the growth. To conclude this discussion, it is important to remind that similar PO selections based on interfacet and intergrain diffusion, depending on the adatom mobility at different growth temperatures, have been reported in refs 21 and 28 for sputtered ZnO and GaN, respectively.
Conclusions
In conclusion, the orientation and surface morphology evolution of LPCVD grown ZnO layers have been studied on thin and thick films grown at different temperatures. It is shown that the films PO evolves from c-axis to a-axis as the growth temperature is increased from 110 to 220°C and then goes back to c-axis at 380°C.From these observations, a mechanism explaining the growth of LPCVD polycrystalline ZnO thin film is proposed. This mechanism is based on the temperature dependent selection of different PO present in the initial layer. This selection occurs through evolutionary selection of certain grains, which can have increased vertical growth rate depending on their surface adatom mobility. This work can help us understand the variety of results presented up to now in the literature and help explain the different orientations observed in ZnO growth. In addition, the understanding of polycrystalline LPCVD ZnO growth is a first step toward the possibility to improve these layers for photovoltaic applications. 
